Na-montmorillonite is a natural clay mineral and is available in abundance in nature. The aqueous dispersions of charged and anisotropic platelets of this mineral exhibit non-ergodic kinetically arrested states ranging from soft glassy phases dominated by interparticle repulsions to colloidal gels stabilized by salt induced attractive interactions. When the salt concentration in the dispersing medium is varied systematically, viscoelasticity and yield stress of the dispersion show non-monotonic behavior at a critical salt concentration, thus signifying a morphological change in the dispersion microstructures. We directly visualize the microscopic structures of these kinetically arrested phases using cryogenic scanning electron microscopy. We observe the existence of honeycomb-like network morphologies for a wide range of salt concentrations. The transition of the gel morphology, dominated by overlapping coin (OC) and house of cards (HoC) associations of clay particles at low salt concentrations to a new network structure dominated by face-face coagulation of platelets, is observed across the critical salt concentration. We further assess the stability of these gels under gravity using electroacoustics. This study, performed for concentrated clay dispersions for a wide concentration range of externally added salt, is useful in our understanding of many geophysical phenomena that involve the salt induced aggregation of natural clay minerals. * Electronic address: samim@rri.res.in † Electronic address: ranjini@rri. 
I. INTRODUCTION
Aqueous dispersions of smectite clay minerals have been investigated extensively during the last decade to understand their rich phase behaviors [1, 2] , aging dynamics [3] [4] [5] [6] [7] and unusual flow properties [8, 9] . The bulk properties of these dispersions originate from the complex self organization of charged anisotropic clay platelets [10] , which leads to various phases such as gels, glasses [11] , empty liquids, equilibrium gels [12] and nematic liquid crystals [13] . These phases and their bulk behaviors can easily be realized by tuning the colloidal interactions externally. This has led to widespread applications of these clay minerals as rheological modifiers and stabilizers in paints [14] , well bore drilling [15] , cosmetics [16] , pharmaceuticals [16] , agrochemicals and nanocomposites [17] .
The charged anisotropic platelets of the Na-montmorillonite clay mineral used in this work are naturally occurring flexible nanosheets [18] . The platelets are highly polydisperse in their lateral sizes and shapes. The surfaces of these platelets have negative charges while the edges have pH dependent positive charges. In aqueous dispersions, the clay platelets are surrounded by hydrated Na + counterions that form anisotropic electric double layers (EDL)
around the platelets. Due to high concentration of negative charges on their basal surfaces, there is a small amount of spill-over of the negative potential onto the positively charged edges at pH>7 [19] [20] [21] . Due to the presence of the anisotropic EDL, the effective excluded volume of each platelet is much higher than its geometrical volume. The interaction potential between these platelets in dilute samples is usually represented by the DLVO theory [22] and depends on the mutual separation, the relative orientations and the charge distribution on the platelets. Thus, the formation of kinetically arrested phases such as soft glasses and gels in the dispersions can be controlled by changing clay mineral concentration, salt concentration and pH of the medium [1] . The rheological and stability properties of these disordered phases are directly related to the microscopic arrangements of the platelets in the dispersions. In the glassy phase, the interactions between platelets are dominated by screened Coulomb repulsions and the viscoelasticity and yielding behaviors originate from the caging of each platelet by its neighbors [23] . The gel phase, on the other hand, is a volume spanning network structure in which two platelets are connected by an attractive bond, with the strengths of the bonds determining their viscoelasticity and yielding behavior.
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The nature of platelet association for attractive bond formation, and therefore the origin of the observed rheological behavior of Na-montmorillonite gels, have been widely debated in the literature [24] [25] [26] [27] . Based on the DLVO theory and rheological measurements in dispersions of low platelet concentrations, it was predicted that at low salt concentration and in a dispersing medium of pH< 7, attractive bond formation occurs through the association of the negative faces of the platelets with their positive edges. On the other hand, bond formation through edge-face, face-face and edge-edge interactions are predicted at varying salt concentrations in a dispersing medium of pH> 7 [28, 29] . The coagulation process becomes more complicated with increasing platelet concentration in the presence of salt and a house of cards (HoC) structure is frequently invoked to explain the nature of gel networks [30] [31] [32] [33] [34] [35] . Surprisingly, the experimental evidence of such predicted microstructures is very limited. There have been some studies to visualize the underlying microscopic structures using scanning electron microscopy (SEM) [36] and transmission X-ray microscopy (TXM) [27, 37] for different conditions of sample preparation. These studies confirm the existence of either edge-edge or face-face microscopic configurations of platelets in the presence of salt.
However, these studies do not systematically investigate the variation of the microscopic structures, and their influence on the strength and stability of clay gels, with changing salt concentration.
In this article, we address this issue by studying the rheology, stability properties and associated microstructures of 5% w/v Na-montmorillonite dispersions at their natural pH values after systematically varying the externally added salt concentration from 10 mM to 800 mM. We find that the viscoelastic moduli and the yield stress of arrested phases (gels) in the dispersion increase upto a peak value at a critical salt concentration and subsequently decrease due to the progressive increase in salt induced interparticle attractive interactions.
The microscopic association of the platelets in gels with varying salt concentration is directly visualized using cryogenic scanning electron microscope (cryo-SEM). This shows a transition of the gel morphology, dominated by overlapping coin (OC) and house of cards (HoC) associations of clay particles to a new network structure dominated by face-face coagulation of platelets, across the critical salt concentration. The variation of the strength of the gels estimated from the rheological measurements is then interpreted in terms of the observed microstructures and changes in gel morphology. The influence of the morphology on the stability of the gels under gravity is further assessed using electroacoustics.
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Besides their obvious rheological importance [18] , clay colloids in aqueous dispersions have been studied extensively for their aging properties [38, 39] . The structure, dynamics and rheology of clay in water with and without salt have been widely debated [8, 26, 27] .
Our present results, obtained for clay dispersions with a wide range of salt concentrations, will be useful to understand and predict many geophysical phenomena such as land slides, and the formation of river deltas and quicksand [40, 41] that are directly or indirectly related to the salt induced association of natural clay colloids.
II. EXPERIMENTAL SECTION

A. Material Structure
We use Na-montmorillonite of CEC value 145 meq/100g procured from Nanocor Inc [42] . A unit layer of this mineral is comprised of 2:1 layered phylosilicate [43, 44] . The general formula is Na
. Each unit layer, also known as a platelet, consists of an aluminum octahedral sheet sandwiched between two tetrahedral silica sheets. The thickness of a platelet is around 1 nm. The lateral size of these platelets may vary from tens of nanometers to a few micrometers. In dry form, several platelets form a stack, known as a tactoid, with intercalated Na + counterions. In aqueous dispersions, the Na + ions get hydrated due to the absorption of water molecules in the intratactoid spaces.
As a result, tactoids slowly swell and exfoliate, producing laminar flexible platelets with electric double layers (EDLs) on their surfaces [45] [46] [47] [48] . The exfoliated platelets are highly irregular in shape and size (shown in a representative SEM micrograph in Fig. S1 of the ESI ‡). An average lateral size of 450 nm is calculated from the SEM micrographs (Fig. S2 , ESI ‡).
B. Sample preparation
The Na-montmorillonite powder is baked for 24 hours in an oven kept at a temperature 
C. Experimental setups and measurements
Cryogenic scanning electron microscopy (cryo-SEM): 
Electroacoustics measurements:
A cylindrical electroacoustic probe supplied by Dispersion Technology Inc is used to monitor the stability of clay dispersions under gravity. Details of the probe can be found in [49] . The ultrasound transducer in the probe is co-axially placed and then insulated from the outer metal body. The sedimentation setup using this probe is shown in The electric field, generated from these induced dipoles, in turn, induces a current known as the colloidal vibration current (I CV I ) in the receiving transducer circuit of the probe. If the dispersion contains salt, the transducer simultaneously detects an ionic vibration current (I IV I ) which arises due to the relative motion between the two ion species of the salt. In this case, the total electroacoustic signal (I T V I ) is a vector sum of I CV I and I IV I . The value of I T V I measured in this setup is very sensitive to the distance of the clay particles comprising the gel from the measuring transducer [48] . Thus any shrinkage or settling of the gels will lead to a change in the measured values of I T V I . 6 0 . 1 
III. RESULTS AND DISCUSSION
The bulk mechanical behavior of Na-montmorillonite dispersions, with varying salt concentration C s , is measured by performing strain amplitude sweep tests. by G > G . Similar behavior of the stress moduli under high applied strains in the nonlinear regime was also observed previously in simulation and experimental studies [50, 51] .The dynamic yield stress, σ y (indicated by horizontal dashed line in Fig. 1 ), is calculated from the stain amplitude sweep data following the method described by Laurati et al. [51] . In this method, the elastic stress σ el = G γ ( in Fig. 1 ) is plotted versus γ, which helps to separate the contribution of the viscous stress from the total stress. At low γ values, the elastic stress vs strain data is fitted to σ el = G γ. The value of σ y is defined as the magnitude of σ el at which the measured value of σ el starts deviating from the theoretically calculated value. For the sample in Fig. 1 , dynamical yield stress σ y = 6.8 Pa is calculated.
The variations of G pl and σ y with varying salt concentration C s are shown in Fig. 2 .
Both the quantities increase monotonically with C s upto C s ≈ 150 mM before they decrease with further addition of salt. The inset of Fig. 2 shows that G pl is approximately sixty times higher than G pl for samples with C s > 10 mM. This indicates that the dispersions are essentially elastic in the linear viscoelastic regime, even though the strength of the underlying microstructures of the dispersions decreases for C s > 150 mM. The observations in Fig. 2 therefore indicate a transition in the sample morphology at C s = 150 mM.
We next investigate the salt induced morphological changes of Na-montmorillonite gels using cryo-SEM. Fig. 3 shows representative cryo-SEM micrographs of 5% w/v Namontmorillonite gels with C s varying in the range 10-500 mM. Honeycomb-like three dimensional network structures, with a systematic change in morphology and sizes of the polydisperse pores (voids left after sublimating the water molecules during the cryo-SEM sample preparation step), can be observed in all these samples. The branches of the gel networks observed here are thicker than the thickness of a single platelet (∼1 nm) due to the presence of vitrified water on their surfaces. A close inspection of the honeycomb structures formed by 5% w/v Na-montmorillonite and 20 mM salt ( Fig. 3 (b) ) reveals that the average length of the branches is larger than the average lateral size (450 nm) of the Na-montmorillonite platelets. A magnified image of this sample is provided in Fig. 4 (a) which clearly shows that many of the branches have holes on their surfaces. This indicates that the platelets on each branch are connected in overlapping coin (OC) configurations, as predicted by Jonsson et. al. using Monte Carlo simulations in a system of clay platelets at low salt concentration [52, 53] . In the OC configuration, the positive edge of a platelet attaches to the negative basal surface near the edge of another platelet in a parallel fashion, thereby forming longer sheets (branches of the network) through attractive bonds (Fig. 4(b) ). The positive edges of two such sheets (the branches) attach to the negative faces of a third sheet comprising platelets which are also in OC configurations. Such attachments lead to the formation of an attractive network-junction of three branches as indicated in Fig. 4 . We note here that such honeycomb-like network formation is not very dominant in the case of the sample with 10 mM salt (a magnified image is shown in Fig. S7 of the ESI ‡) due to the presence of high face-face repulsions.
We use the cryo-SEM micrographs to quantify the pore (void) size distributions, porosity and branch thicknesses of all the gels studied in this work. Porosity is defined as a ratio of the total void area to the total area of the 2D projection of the gel structure. vitrified water on the network. However, since the sublimation time (12 min) after fracturing the vitrified samples is same for all the dispersions, an equal sublimation-depth is expected for all the samples studied using cryo-SEM. When C s is increased systematically upto 100 mM, the average pore size ( in Fig. 5(a) ) increases, while the porosity ( in the inset of Fig. 5(a) ) and branch thickness w ( in Fig. 5(b) ) of the gels remain almost unchanged. It can therefore be concluded that for C s ≤ 100 mM, the participation of platelets in OC configurations increases. The number of network-junctions simultaneously decreases, while the lengths of the individual branches of the network increases with C s . This was clearly observed in Fig. 3(a), (b), (c) and (d) . Interestingly, at C s = 150 mM, the average pore size ( in Fig. 5(a) ) decreases while the porosity ( in inset of Fig. 5(a) ) and w ( in Fig. 5(b) ) remain unchanged. This reduction in pore size at C s = 150 mM (Fig. 3 (e) ) arises due to the participation of a substantial number of platelets in house-of-cards (HoC) configurations, apart from the OC configurations discussed earlier. In such HoC configurations, a positive edge of a platelet attaches attractively to the central negative part of the basal surface of another platelet (Fig. 6(a) ). The coexistence of HoC and OC configurations can be seen in a magnified micrograph in Fig. S10 of the ESI ‡for a sample with C s = 150 mM. Thus, at this salt concentration, the lengths of the network branches decrease and number of network junctions increases due to the participation of a substantial number of platelets in HoC configuration. This leads to the reduction in pore size at C s = 150 mM as observed in Fig. 5(a) . It is to be noted that the coexistence of such configurations was predicted earlier in simulations of clay dispersions at high salt concentrations [53] .
Since the addition of salt in the dispersing medium leads to a decrease in the Debye screening length, the spillover of negative potential from the basal surface onto the positive edges of platelets decreases with increase in salt concentration [19] [20] [21] . The effective potentials on the edges of the platelets are expected to be positive at C s = 10 mM. This leads to the formation of a gel network at this salt concentration as seen in Fig. 3(a) . With increasing C s , the magnitude of the effective positive potentials on the platelet edges increases until the long-range effects of the negative charges of the basal surface becomes negligible due to screening. As a result, the number of attractive bonds and their strengths in OC and HoC configurations increase with C s (Fig. 3(a), (b), (c), (d) and (e) ). This contributes to the growing G pl and σ y of the gels upto C s = 150 mM (Fig. 2) .
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At C s > 150 mM, the average pore size ( in Fig. 5(a) ) and w ( in Fig. 5(b) ) increase with increasing C s . This was clearly observed in Fig. 3(f) , (g) and (h). The total void space simultaneously deceases slightly ( in the inset of Fig. 5(a) ). These features, and a close inspection of the micrographs (a representative magnified image of the sample Fig. 3 (f) is shown in Fig. S11, ESI ‡) , reveal that due to the considerable screening of negative charges on the basal surfaces, the face-face aggregation process due to van der Waals attractions becomes dominant under very high salt conditions [52] . Such parallel aggregation of platelets for low clay and high salt concentrations was also observed indirectly using ultrasound attenuation spectroscopy in our earlier study [48] . The face-face aggregation occurs very randomly and leads to elongated and thicker branches known as band structures (Fig. 6(b) ) [54] [55] [56] . These band-type branches further connect at their ends and eventually form a kinetically arrested network characterized by a honeycomb structure. This can be seen in Fig. 3(e) ,(f),(g). Incomplete network formation is also observed at very high salt concentrations, e.g. at C s = 500 mM (Fig. 3(h) ) and 600 mM (Fig. S12 , ESI ‡) due to the strong face-face aggregations of a considerable fraction of clay platelets.
The observed decrease in G pl and σ y in Fig. 2 when C s is increased beyond 150 mM can be attributed to the considerable increase in the pore sizes and thicknesses of the network branches which is observed in Fig. 5 . In this salt concentration regime, the excluded volume due to the basal charge repulsions decreases substantially with increasing C s . In addition, the strength of the attraction between the branches of the network also increases. As a result, applied strains promote irreversible aggregation of the thick branches. This process can lead to a higher pore size, larger branch thickness and decreasing network connectivity with increases C s , leading to the observed decrease in G pl and σ y . Such coagulation of network branches under stress can lead to the collapse of the gel network, with the yielding happening at lower γ values as the network branches become increasingly thicker.
We verify the stability of the gels under gravity by measuring the total vibration current (I T V I ) using a sedimentation setup described in section II C. Fig. 7 shows the variation of I T V I with observation time t s , measured for 5% w/v Na-montmorillonite gels for a C s range between 0 mM and 800 mM. The dispersion with no added salt ( in Fig. 7 ) is highly stable under gravity due to the kinetic arrest of the constituent clay platelets. Surprisingly, we find in Fig. 7 ). This indicates that the gels observed in Fig. 3(a)-Fig. 3 (g) are highly stable under gravity. The sample with C s = 400 mM ( in Fig. 7 ) exhibits a small decrease in I T V I after t s = 20 hours. The dispersions with C s > 400 mM ( and in Fig. 7 ) show irregular oscillations with observation time t s due to the intermittent collapse of the gel structures.
As a result of the large pore sizes and thick network branches of these samples ( Fig. 3 (h) and Fig. 5 ), the weight of the branches exceeds the local yield stress of the network, resulting in the observed gel collapse.
IV. CONCLUSIONS
In this article, we present our results on the influence of NaCl on the microstructures, viscoelasticity, yielding and stability of Na-montmorillonite gels at a clay concentration, 5% w/v, at which the dispersion is expected to exhibit a glassy phase in the absence of salt [48] . Microscopic observations using cryogenic scanning electronic microscopy (cryo-SEM) reveal that at low salt concentrations, the clay platelets form longer sheet structures (the network branches) through attractive overlapping coin (OC) configurations predicted in a simulation study recently [52] . These sheets (branches) join at their ends to form crosslinked ribbons (network-junctions), giving rise to honeycomb-like network structures (Fig. 3 (a) , (b), (c)). Interestingly, we find that platelet participation in the OC configurations in the network-branch increases with increase in salt concentration in the range of 10-100 mM.
This leads to higher pore sizes without any change in the branch thickness w of the gels (Fig. 5) . With further increase of C s upto 150 mM, the thickness of the network branches remains unchanged but the pore size of the gels decreases with C s due to the participation of a substantial number of clay platelets in the HoC configurations, besides the usual OC configurations ( Fig. 3(d) ). Such a coexistence of OC and HoC at higher salt concentration was also predicted in an earlier simulation study [53] . Our rheological measurements (Fig. 2) further suggest that strength of the attractive bonds due to such platelet configurations increases with increasing C s upto a value of 150 mM.
At C s > 150 mM, the van der Waals attraction between platelets becomes dominant due to the high screening of the basal negative charges by the Na + ions. Under these conditions, the platelets coagulate in a face-to-face orientation randomly, leading to the formation of elongated structures known as 'band-type structures' that have been predicted in the literature ( [54, 56] ). These elongated bands further connect at their ends, with the emergence of kinetically arrested honeycomb structures( Fig. 3(e) , (f), (g)). The pore sizes and branch thicknesses w of the gel networks increase with C s due to the increase in the face-face bond formation of the platelets (Fig. 5) . The strength of the gels decreases with C s (Fig. 2 ) in this salt concentration regime due to a decrease in the repulsive excluded volume and a simultaneous increase in the attraction between the branches of gel network.
This leads to the collapse of the gels under applied strains. It is also seen, using systematic electroacoustic measurements, that the gels exhibit considerable stability under gravity upto C s = 300 mM (Fig. 7 ). At C s > 300 mM, the gels become unstable due to irreversible branch coagulation, with the gel network eventually collapsing under gravity.
In conclusion, the present study elucidates the link between the bulk rheological and stability behaviors of natural Na-montmorillonite gels and their underlying microscopic struc-tures. Apart from the significant importance of this study for various rheological applications of Na-montmorillonite, we believe that the results presented here will facilitate our understanding of the dispersion behavior of other smectite clays such as Laponite and Kaolinite in the presence of salt. Since soil is composed of natural smectites, our results are also extremely useful in the understanding of many geophysical phenomena such as landslides, and the formation of quicksand and river deltas.
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